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Abstract 
Far-travelled volcanic ash (fine-grained tephra) clouds pose economic and societal risks 
largely through their potential impact on the aviation industry. A long view of ash clouds 
extending over northwest Europe assembled from the study and geochemical 
characterization of cryptotephra (i.e. tephra invisible to the naked eye) in sedimentary 
records can help inform the understanding of the frequency of such events, and the nature 
of eruptions that generate them. Here we review the records of cryptotephra deposition in 
northwest Europe during the Mid- to Late Holocene (the last eight millennia) to gain insights 
into the sources of volcanic ash reaching this region. We consider almost 500 published and 
unpublished datasets for cryptotephras recorded in sedimentary sequences ranging from 
Ireland to Latvia and, on the basis of their major element geochemical composition, we 
identify 90 unique ash horizons and their likely provenance. The majority (72%) of the 
cryptotephras derive from Icelandic eruptions, but a large proportion (24%) originates from 
other volcanic regions, including Alaska, the Cascades, Kamchatka, Mexico, the Azores and 
possibly the Mediterranean. Although moderate magnitude eruptions in Iceland may 
potentially disperse ash clouds over Europe, it appears that only large magnitude events in 
more distant regions have generally had this capacity and then only when suitable 
meteorological conditions prevailed. Nevertheless, the cryptotephra records demonstrate 
that ash clouds from most volcanic regions capable of producing large explosive eruptions in 
the northern mid- to high latitudes, particularly those to the west of Europe, as well as in 
tropical North America, have the potential to extend to northwest Europe. Volcanic ash 
forecasts for this region need therefore to take into account possible risks posed not only by 
Icelandic eruptions, but also by any large magnitude eruptions in North America or the 
North Pacific area.  
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Graphical abstract 
 
 
 
Highlights 
 European cryptotephra records yield evidence for 90 ashfall events in the last 8 ka 
 24% of cryptotephras are of non-Icelandic origin 
 Europe’s potential source region of ash includes North American and Asian 
volcanoes 
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1.0 Introduction 
Since the 2010 eruption of Eyjafjallajökull, Iceland, scientific and public interest in volcanic 
ash (tephra) has grown in Europe, as questions emerge about the frequency, nature and 
dynamics of ash dispersal, the likelihood of similar events in the future, and the health risks 
they pose (e.g. Davies et al., 2010; Stevenson et al., 2013). An understanding of ash cloud 
frequency in Europe, extending back to the last glacial period, can be gleaned from 
cryptotephra (i.e. tephra components, primarily glass shards, in concentrations too low to 
be visible to the naked eye) deposited and preserved in sedimentary records far from the 
erupting volcano (Swindles et al., 2011). Geochemical characterisation of the composition of 
tephra-derived glass shards enables the ash to be correlated with its source, providing the 
glass component of tephra at the source has itself been characterised. Peat bogs and lake 
sediments offer long, continuous records of past ashfall, and have proven to be rich 
repositories of cryptotephras in northwest Europe (Persson, 1971; Dugmore et al., 1992; 
Pilcher et al., 1992). Although a range of taphonomic and other issues (e.g. meteorological 
conditions, eruption style) limit the extent to which the distal records reflect the true 
frequency of past ash clouds in a region as large as northwest Europe, cryptotephra deposits 
nevertheless signify a minimum level of such exposure. Temporal and spatial analyses have 
thus demonstrated ashfall over Ireland, northern Britain and Scandinavia, in particular, at an 
average rate of approximately two events per century, and more occasionally to areas south 
of the Baltic Sea (Swindles et al., 2011; Lawson et al., 2012; Watson et al., 2017b).  
 
The proximity of Iceland, coupled with the ready availability of published reference 
geochemical datasets for Icelandic eruptions, has helped shape the view of this region as 
the predominant source of ash clouds over northern Europe (e.g. Watson et al., 2017b). The 
correlation of the AD860B tephra with the White River Ash tephra from Mount Churchill, 
Alaska (Jensen et al., 2014), drew attention for the first time to the possibility of “ultra-
distal” tephra in Europe; this tephra can now be traced ~7,000 km from source to eastern 
Poland (Watson et al., 2017a). Indeed, tephrochronological research on the western North 
Atlantic seaboard (Pyne-O’Donnell et al., 2012; Mackay et al., 2016) and in Greenland 
(Coulter et al., 2012; Jensen et al., 2014; Sun et al., 2014) has demonstrated the presence of 
ash from a range of volcanic sources, including Mexico (Ceboruco?), the Cascades (Mount St 
Helens, Newberry and Mazama), Alaska (Churchill and Augustine), Kamchatka (Ksudach), 
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Japan (Tamurai?) and China (Changbaishan), during the Mid- to Late Holocene. What factors 
have therefore prevented such long-travelled tephras from being recorded in Europe? Was 
the AD860B tephra an exceptional ash-cloud, or have other factors hindered the recognition 
of non-Icelandic cryptotephras in this region? 
 
The growing international network of tephrochronologists working on both sides of the 
Atlantic, and the increasing availability of full geochemical datasets for North American (e.g. 
Kaufman et al., 2012; Wallace et al., 2014) and east Asian (e.g. Ponomareva et al., 2015) 
Holocene volcanic eruptions, has prompted us to reconsider the many “unknown” 
cryptotephras and unidentified “outliers” within our own database of glass-based tephra 
geochemical analyses at Queen’s University Belfast. We extend our data review to published 
cryptotephra records from northwest Europe, building upon previously published 
catalogues (Swindles et al., 2011; Watson et al., 2017b). We limit our analysis to the Mid- to 
Late Holocene, as the tephrostratigraphic framework of the Late Glacial and Early Holocene 
has recently been summarised (Blockley et al., 2014). With reference to published proximal 
and distal datasets, we outline the geographical extent of the provenances of the 
cryptotephras in order to define the potential source region for ash clouds reaching 
northwest Europe.  
 
2.0  Cryptotephra data collection 
2.1  Data handling 
We have compiled glass-based tephra geochemical data from as many published sources as 
we could identify, aided by the recent catalogue produced by Watson et al. (2017b). We add 
to this a large number of previously unreported analyses of cryptotephras undertaken by 
researchers at Queen’s University Belfast, and make the data available for the first time 
(Supplementary File 1). Where possible, we include secondary glass standards associated 
with the analyses. Because many of the samples were analysed in the 1990s and early 2000s 
before secondary standards were routinely reported, however, not all secondary data have 
been retained, but their measurement was routine to ensure instrumental precision. We 
consider too the presence of minor populations, sometimes reported as outliers, and 
attempt to distinguish data that can be matched to sources from spurious results arising 
from the inadvertent analysis of mineral inclusions in the glass. Unlike Watson et al. 
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(2017b), we do not include cryptotephras whose glass compositions have not been 
confirmed by geochemical analysis. Using a series of biplots, we compare and correlate the 
geochemical suites using normalised data and, where possible, with published proximal 
and/or distal datasets. Selected biplots are provided to demonstrate previously 
unrecognised correlations. 
 
A small number of published cryptotephra datasets have been excluded from this 
compilation, either because the data quality was inadequate (e.g. energy dispersive 
spectrometry analysis of unpolished samples at West Corlea – Caseldine et al., 1998) or 
because the proposed deposits comprise heterogeneous populations that may merely 
represent intermixing from adjacent tephras (e.g. Loch Portain – Dugmore et al., 1992; 
BGMT1 – Langdon and Barber, 2002; CF-4 – Watson et al., 2017a). Proposed tephra 
attributions at Ricksby Ball, England (Fyfe et al., 2014), have also been omitted, as the 
suggested correlations conflict with other dating evidence from the site, and no 
geochemical data are published for independent evaluation. The significance of OMH-185 
Population 2 (Plunkett et al., 2004a) is also dismissed, as geochemical analyses from this 
cryptotephra contain a considerable amount of scatter due to the presence of microlite 
(mineral) inclusions.  
 
2.2  Nomenclature 
Where cryptotephras can be correlated with a known eruption or tephra horizon, we 
attribute the commonly accepted event name to that isochron. We retain, however, the 
label “AD860B” for the cryptotephra that has now been correlated with the North American 
White River Ash east lobe (WRAe) due to the former’s prevalence in literature relating to 
the European cryptotephra record. In the absence of an international protocol for naming 
previously unreported cryptotephras, we use the system adopted by Hall and Pilcher (2002) 
of coding an isochron (event) with reference to the site and depth at which it was first 
identified (e.g. GB4-150 was first found in Garry Bog monolith 4 at a depth of 150 cm). To 
differentiate individual samples that correlate with specific isochrons, we use the unique 
identifiers applied to all tephra samples in Queen’s University Belfast (i.e., those prefixed by 
the code QUB) or the local identifiers used by other researchers, if available.  
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In this paper, we refer to the age of the tephras using the Common Era (CE/BCE) timescale 
to avoid confusion between the conventional use of BP (“before present”, referenced to 
1950 CE) and the recent usage of the term to refer to “years before 2000” (e.g. Watson et 
al., 2017b). All radiocarbon-based age estimations are given as calendar-year equivalents (at 
95% confidence intervals).  
 
3.0  The northwest European cryptotephra record 
On the basis of the cryptotephra deposits for which geochemical compositions are available, 
we identify 90 events that we consider to derive from individual volcanic ash clouds 
(Supplementary File 2). Prolific tephrostratigraphies at a small number of sites (notably, 
Borge, Garry and An Loch Mór) add many unique events to the cryptotephra record, but 
more than half of the cryptotephras are replicated at two or more sites. The geographical 
positions of the three aforementioned sites – perched at the edge of the Atlantic seaboard – 
may be a factor in their rich cryptotephra records. We propose certain and possible sources 
for all but three of the 90 cryptotephras based on geochemical correlations. We find that 22 
(24%) have glass geochemistries that are not consistent with Icelandic volcanic provenances 
(Fig. 1).  
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Fig. 1. Location of volcanoes discussed in the text. 1 Hekla; 2 Katla; 3 Snaefellsjökull; 4 
Torfajökull; 5 Askja; 6 Öraefajökull; 7 Eyjafjalljökull; 8 Grímsvötn; 9 Veidivötn-Bárdarbunga; 
10 area of Vatnajökull icecap; 11 Churchill; 12 Augustine; 13 Aniakchak; 14 Rainier; 15 
Mount St Helens; 16 Crater Lake; 17 Ceboruco; 18 El Chichón; 19 Ksudach; 20 Shiveluch; 21 
Furnas; 22 Lipari; 23 Changbaishan; 24 Tamurai. Locations of sites in the North Atlantic 
region in which Asian cryptotephra has been found are also noted: a NEEM; b NGRIP; c 
Nordan's Pond; d Framboise Bog. 
 
Following a review of the published data, a small number of tephrostratigraphies have been 
re-interpreted. These include the record from Borge, Norway (Pilcher et al., 2005), as 
correlations can now be made with the AD860B, Ey H and Hekla Ö tephras (see 
Supplementary File 3 for updated tephrostratigraphy and revised age-model). Similarities 
between mixed tephra suites at Borge and Kongressvatnet, Svalbard (D’Andrea et al., 2012), 
also call for a reconsideration of the correlation of a Snaefellsjökull population at the latter 
site with the Sn-1 tephra. We suggest that a correspondence with a younger Snaefellsjökull 
unit seen at Borge is more likely. Lastly, the chronology of the Whitehorse Hill profile, 
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England, was poorly resolved due to the presence of non-unique cryptotephras (Fyfe et al., 
2016). We re-evaluate the attributions of these units in the light of the wider regional 
cryptotephra framework. 
 
3.1  Iceland 
3.1.1  Hekla 
Hekla is one of Iceland’s most active volcanoes, and has produced a number of large, 
explosive eruptions (VEI 5) during the Holocene (Hekla 1104, Hekla 3, Hekla 4, Hekla Ö, 
Hekla 5), interspersed with frequent events of lesser magnitude. Tephra from Hekla can 
range from rhyolitic to basaltic, the silicic tephras associated with the more voluminous 
eruptions, particularly after a period of volcanic quiescence (Larsen and Thorarinsson, 
1977). Some glass geochemical suites are, however, inseparable on the basis of their major 
element compositions. Although isopach maps often indicate dispersal of Hekla tephra 
towards the north of the volcano (e.g. Larsen and Thorarinsson, 1977; Larsen et al., 2014), 
the distal record demonstrates that ash has frequently been transported to the east and 
southeast towards continental Europe (Table 1). 
 
Crytoptephras from Hekla 1104 (also known as Hekla 1) and Hekla 4 (~2300 BCE) were 
amongst the earliest to be recorded in Britain and Ireland (Dugmore et al., 1995; Pilcher et 
al., 1995) and have since been widely reported as far west as Estonia (Hang et al., 2006). 
Long-standing uncertainty surrounded the correlation of the Hekla cryptotephra known as 
Lairg A (~4900 BCE; Pilcher et al., 1996) with the Hekla 5 tephra of ~5100 BCE due to what 
appeared to be slight differences in their glass geochemistries (Dugmore et al., 1995). 
Normalisation of data shows that the populations are, in fact, indistinguishable, and it is 
highly likely that they are from the same event. Cryptotephra from the much-discussed 
Hekla 3 event, for a time implicated in a hypothesis of volcanically-forced climate downturn 
in the 12th century BCE (Baillie and Munro, 1988), was subsequently found in Ireland 
(Plunkett, 1999; 2006) and in Germany, where it was dated to the 11th century BCE (van 
den Bogaard and Schmincke 2002). Less well-known is the Hekla Ö eruption (~4100 BCE), 
data from which have only recently been reported (Gudmundsdóttir et al., 2011). On the 
basis of its geochemistry and age estimate, we now propose that this tephra is represented 
at Borge, Norway (QUB-602: Pilcher et al., 2005; Fig. 2).  
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Fig. 2. Glass-shard major element analyses of previously unreported cryptotephras 
originating from Hekla (including newly provenanced data originally published by Pilcher et 
al., 2005). Compositional envelopes for glass of Hekla tephra (andesitic to silicic components) 
are based on proximal data from Dugmore et al. (1992; 2007), Boygle (1994), Larsen et al. 
(1999; 2002) and Streeter and Dugmore (2014). Hekla 1300 (H1300) envelopes are based on 
Boygle (1994), Larsen et al. (2002) and Dugmore et al. (2007), and the Hekla Ö (H Ö) 
envelopes (excluding outliers) on Gudmundsdóttir et al. (2011). The compositional range for 
glass shards of Tjørnavík A in the Faroe Islands is also shown (based on Hannon et al., 1998; 
Wastegård et al., 2001; Wastegård, 2002). 
 
The cryptotephra records also include material from a number of VEI 4 eruptions. Hekla 
Selsund (also known as Kebister) was first reported from Sweden by Boygle (1998) and is 
now a widespread marker, albeit with a distinctly northern bias. Hekla 1947 ashfall was 
documented historically (Thorarinsson, 1954) and the cryptotephra has subsequently been 
found at many Irish and Scottish sites (see Supplementary File 2). Hekla 1510 has proven to 
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be another useful isochron in Ireland and Scotland (Dugmore et al., 1995; Pilcher et al., 
1996; see Supplementary File 2), but has not yet been identified in other areas. Hekla 
cryptotephras from the historical eruptions in 1158, 1300, 1693 and 1845 have also been 
recorded but they have a more limited distribution (see Supplementary File 2). 
Differentiation of the many historical Hekla tephras is, however, complicated by the close 
major element geochemical composition of their glasses, and cryptotephra from other 
eruptions may not have been recognised as discrete units. The BMR-190 tephra (~650 BCE) 
is also of Hekla origin, possibly correlating with the Hekla-A, -Y or –Z unit recorded 
proximally (Plunkett et al., 2004a). 
 
Many other Hekla eruptions are additionally identified in the distal records (Table 1; Fig. 2). 
These include a stratigraphically distinct series of four cryptotephras in Borge, Norway 
(Pilcher et al., 2005), that date to between the eighth and tenth centuries CE, although the 
attribution of Borge-61 to Hekla is not entirely certain on geochemical grounds. At least one 
of these deposits seems to be replicated elsewhere, namely that dating to ~850 CE based on 
its co-occurrence with the AD860B tephra. We propose a correlation between this event 
and the Tjørnuvík A cryptotephra identified in the Faroes (Hannon et al., 1998; Wastegård et 
al., 2001; Wastegård, 2002) where it is found in association with the Settlement tephra 
(~870 CE). With due consideration of age, glass major element geochemistry and 
tephrostratigraphic positions, we furthermore propose that the rhyolitic component of the 
MOR-T6 cryptotephra from An Loch Mór, Ireland (Chambers et al., 2004), as well as a 
number of other Hekla-type populations in Ireland, also derive from the same event and 
reveal a more extended geochemical range than the Faroes datasets (Fig. 2). In Sweden, 
there appears to be a Hekla eruption represented by cryptotephras at ~50 BCE at 
Kortlandamossen (Kort2 328-330 cm: Borgmark and Wastegård, 2008) and perhaps 
Svartkälsjärn Lake (SV-L2: Watson et al., 2016). Other Hekla correlatives currently 
represented at individual sites include the DOM-4 Group 2 (~400 CE) in Germany (van den 
Bogaard and Schmincke, 2002), GB4-182c (~1640 BCE: this paper) in Ireland, SV-L4 (~4000-
3000 BCE) in Sweden (Watson et al., 2016), and possibly Borge-179 (~5200 BCE) in Norway 
(Pilcher et al., 2005).  
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In Ireland, three closely spaced cryptotephras comprising Hekla 4-type glass were noted at 
Toome (Plunkett et al., 2004b). Initially considered as a possible taphonomic issue, this 
phenomenon has now been observed at a number of other sites in the north of Ireland, 
together implying that an earlier (~2600 BCE) and a later (~2300 BCE) eruption produced an 
ash identical to Hekla 4 rhyolitic glass end-member. Where multiple Hekla 4-type units are 
found, we consider the Hekla 4 event to be distinguishable by the very high concentration of 
shards that is typically observed at most sites where it is present. The older and younger 
units do not demonstrate such high concentrations. 
 
3.1.2.  Katla  
Katla is another of Iceland’s most active volcanoes, with at least ~208 explosive eruptions 
recorded for the mid- to Late Holocene (Óladóttir et al., 2005). Although most of its 
products have a basaltic composition, Larsen et al. (2001) report at least 12 silicic tephras 
(known as “SILK”, denoting silicic Katla units) during the Holocene whose glass-shard major 
elemental geochemistry is mainly dacitic to trachydacitic, and only occasionally rhyolitic. 
The geochemistry varies little between eruptions, but a long repose time has been 
considered necessary to allow the silicic magma to accumulate (Larsen et al., 2001).  
 
In the distal record, we identify eight cryptotephras whose glass compositions fall within the 
dacitic/trachydacitic range of the SILK tephras (Table 1; Fig. 3), including possible 
correlatives for the SILK-UN tephra (GB4-150, ~780 BCE), SILK-N4 (GB4-198a, ~1900 BCE), 
SILK-N2 (~2350 BCE), SILK-A1 (~3800 BCE) and SILK-A7 (~5200 BCE). GA4-85, which is found 
widely in Ireland (see Supplementary File 2), is dated through its close stratigraphic position 
with the AD860B tephra to ~800 CE, and is therefore younger than the youngest reported 
SILK tephra (SILK-Yn, ~400 CE: Larsen et al., 2001). It may have been erupted during the 
same event that produced the Hrafnkatla tephra (~760 CE; Óladóttir et al., 2011) or the 
eruption that produced the jökulhlaup that flooded a birch forest west of Katla in 822/3 CE 
(Büntgen et al., 2017), if these were indeed two separate events. Borgmark and Wastegård, 
(2008) also found some Katla dacite-like shards mixed within the Askja 1875 cryptotephra at 
Fågelmossen, which they attributed possibly to the 1860 CE Katla eruption.  
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Table 1. Cryptotephras of Icelandic origin in northwest Europe 
Source Tephra name (age) 
Hekla Hekla 1947 (1947 CE), Hekla 1845 (1845 CE), Hekla 1693 (1693 CE), Hekla 
1510 (1510 CE), Hekla 1300 (1300 CE), Hekla 1158 (1158 CE), Hekla 1104 
(1104 CE), Borge-41 (~950 CE), Borge-51 (~860s CE), Tjørnuvík A (~850s 
CE), Borge-61? (~770 CE), DOM-4 Group 2 (~400 CE), KORT-328 (~50 
BCE), BMR-190 (705-585 BCE), Hekla 3 (1087-1006 BCE), GB4-182a 
(~1640 BCE), Hekla Selsund/Kebister (1800-1750 BCE), GB4-225 (~2300 
BCE), Hekla 4 (2395-2279 BCE), GB4-240a (~2600 BCE), SV-L4 (~4000-
3000 BCE), Hekla Ö (~4100 BCE), Hekla 5 [Lairg A] (4997-4902 BCE), 
Borge-179 (~5200 BCE) 
Katla FGM1-23 [Katla 1860?] (~1875 CE), BTD-15 (~1650-1750 CE), GB4-50 
(~1250 CE), BMR-90 (~920 CE), GA4-85 (~800 CE), GB4-150 [SILK-UN?] 
(800-758 BCE), GB4-198a [SILK-N4?] (~1900 BCE), GW-173 [SILK-N2?] 
(~2395-2279 BCE), HOV-42 [SILK A1?] (4240-3770 BCE), Mjáuvøtn A & B 
(4776-4512 BCE), HOV-63 [SILK-A7?] (5470-4980 BCE), Suduroy (6360-
5910 BCE) 
Snaefellsjökull  Borge-26 (~1362 CE), BTD-41 (~950 CE), LBA-2 [Sn-2?] (1700-1600 BCE) 
Torfajökull GB4-45b (~1250 CE), Settlement [Landnám] (~870s CE), Gullbergby? 
(~750 BCE), SLU10-104 (~3800 BCE), Hoy? (4680-4260 BCE), Lairg B 
(4774-4677 BCE) 
Askja Askja 1875 (1875 CE), BTD-48 (~870s CE), Stömyren (~150 BCE), Glen 
Garry (260-16 BCE) 
Öraefajökull Öraefajökull 1362 (1362 CE) 
Eyjafjallajökull Eyjafjallajökull 2010 (2010 CE), Ey H (420–620 CE) 
Grímsvötn Grímsvötn 1903 (1903 CE), Laki 1783 (1783 CE), CLA-L1 [Grímsvötn 
1354?] (~1300s CE), TSK11-240 (~870 CE), Hov (4240-3770 BCE) 
Veidivötn-Bárdarbunga Veidivötn 1477 (1477 CE), SVL1-11 [Veidivötn 1159?] (~1100s CE), 
Settlement [Landnám] (~870s CE) 
Vatnajökull unlocated Borge-15 (~1650-1750 CE), AD860A (853 CE ± 10), Microlite [OMH-185] 
(755-680 BCE), GB4-198b (~1900 BCE), GB4-240b (~2600 BCE) 
 
Basaltic and rhyolitic Katla tephras are represented by the Mjáuvøtn A and Suduroy 
cryptotephras, respectively (Wastegård et al., 2001; Wastegård, 2002). Glass of the 
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Mjáuvøtn B cryptotephra has a trachyandesitic composition that lies between the basaltic 
and dacitic fields of Katla eruptives, and we hypothesise that this represents an 
intermediate product from the same event as the Mjáuvøtn A cryptotephra (Fig. 3a). 
Similarly, we find that a number of low silica (~70 wt. %, normalised) rhyolites have a 
composition that falls directly between the dacitic and rhyolitic Katla populations (Fig. 3). 
These include the GB4-50 (low silica rhyolite only), BMR-90 (low silica rhyolite only), and the 
BTD-15 tephra (multi-modal, comprising also the higher silica and dacitic populations; 
Pilcher et al., 2005). We argue that the glass compositions of these tephras illustrate a 
transitional component of Katla tephra that has not previously been reported, perhaps only 
erupted in small volume during the most explosive phases of the eruptions.  
 
BTD-15 has an age estimate of ~1650–1750 CE (Pilcher et al., 2005). Although there were 
several Katla eruptions in this timeframe, the 1755 CE event was the most voluminous, and 
may therefore have been the source of the BTD-15 tephra. Ashfalls from both the 1755 and 
1660 CE eruptions were, however, observed in Europe (Thorarinsson 1981), making a 
certain correlation impossible without further chronological refinement. The GB4-50 tephra 
is stratified above the AD860B horizon and has an age estimate of ~925 CE (Hall and Pilcher, 
2002). It may correlate with Katla-R ~925 CE (Gudmundsdóttir et al., 2012) but another 
possibility is that it was produced during the major Eldgjá eruption of ~938/9 CE. A dacitic 
population of glass was found with the basaltic end-member of the Eldgjá tephra in the 
GISP2 ice core in Greenland (Zielinski et al., 1995). Its geochemical composition varies in 
some respects from the BMR-90 cryptotephra, but the relatively small departures may be 
attributable to instrumental and/or methodological differences in the analytical technique. 
The age of the GB4-50 cryptotephra is estimated to be ~1250 CE, based on its stratigraphic 
position between Hekla 1158 and Öraefajökull 1362 at Garry Bog, Ireland (Hall and Pilcher, 
2002). A possible correlative is difficult to determine, as a number of Katla eruptions took 
place in the 13th century.  
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Fig. 3. Glass-shard major element analyses of cryptotephras of proposed Katla origin (see 
Supplementary File 2 for sample details and references): a) Total alkali silica (TAS) 
classification based on Le Bas et al. (1986); b to f) selected oxide to silica ratios for the silicic 
populations. Compositional envelopes for Katla are based on published data for the Late 
Glacial Vedde Ash (Mangerud et al., 1984; Turney et al., 1997; Wastegård et al., 1998; 2000; 
Björck and Wastegård, 1999; Zillén et al., 2002; Koren et al., 2008; Gudmundsdóttir et al., 
2012) and SILK tephras (Larsen et al., 2001).  
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3.1.3.  Snaefellsjökull  
Jóhannesson et al. (1981) identified three Holocene-age Snaefellsjökull tephras in Iceland, 
but geochemical data on constituent glasses are available only for the youngest (~160 CE) of 
these layers, Sn-1 (Larsen et al., 2001; Holmes et al., 2016). More recent Snaefellsjökull 
tephra at Baulárvallavatn, western Iceland, has been interpreted as reworked material 
because no eruptions younger than Sn-1 are known from this system (Holmes et al., 2016). 
Cryptotephras with similar glass geochemistry have been identified in Kongressvatnet, 
Svalbard (Kongress 39–44 cm, Group 2: D’Andrea et al., 2012), and Sammakovuoma lake 
and bog, Sweden (SL-2, SB-2: Watson et al., 2016), where they have been correlated with 
Sn-1 (Fig. 4). Snaefellsjökull-type cryptotephras (BTD-41/BIP-24a) have also been recorded 
at Borge and nearby sites in Norway (Pilcher et al., 2005), but in these instances they are 
firmly stratified above the Settlement tephra and date to the tenth century CE. A further 
occurrence can found be at Borge (QUB-385 Group 1: Pilcher et al., 2005) and 
Kongressvatnet (Kong 19–21 cm (unknown): D’Andrea et al., 2012) where cryptotephra of 
Sn-1 type is mixed with Öraefajökull 1362 ash. These cryptotephras provide strong evidence 
for more recent and previously unreported Snaefellsjökull eruptions. In consideration of the 
available dating information at Kongressvatnet and Sammakovuoma, we propose that the 
Snaefellsjökull cryptotephras identified at these sites correlate with BTD-41 rather than Sn-
1. Older cryptotephra with a Snaefellsjökull affinity has also been recorded at Lilla 
Backsjömyren, Sweden, and a possible correlation with the Sn-2 tephra, of similar age, has 
been proposed (Wastegård et al., 2009). 
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Fig. 4. Glass-shard major element analyses of cryptotephras from Snaefellsjökull. 
Compositional envelopes for Snaefellsjökull are based on proximal data from Larsen et al. 
(2001) and Holmes et al. (2016). 
 
3.1.4.  Torfajökull 
Torfajökull is a central volcano closey linked to the Veidivötn-Bárdarbunga fissure, and the 
synchronous eruption of the two systems at 1477 CE, ~870s CE and ~150 CE yielded bimodal 
tephras comprising a rhyolitic end member from Torfajökull and a basaltic component from 
Veidivötn (Larsen 1984). The ~870s CE event produced the Settlement (or Landnám) tephra, 
both components of which have been identified in Greenland ice cores (Grönvold et al., 
1995; Zielinski et al., 1997). Torfajökull ash from this event is also present at Borge, Norway 
(QUB-571 Group 2: Pilcher et al., 1995), and possibly also Roman Lode, Britain (Layer 3 
Group 3: Matthews 2008). Shards of Torfajökull-type have additionally been identified 
amongst other cryptotephras at Garry Bog (GB4-45b: this paper) and Claraghmore Bog (CL-
B2 high alkali component: Watson et al., 2016), suggesting a possible eruption in or around 
the 12/13th century CE. The geochemical compositions of glasses of the Gullbergby (~750 
BCE; Wastegård, 2005), Hoy (~4400 BCE; Dugmore et al., 1995) and Lairg B (~4700 BCE; 
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Pilcher et al., 1996) cryptotephras indicate that these too derive from Torfajökull. Lairg B has 
the widest geographical distribution of any of the Torfajökull units. In view of their close age 
estimates, and considering that both cryptotephras have yet to be identified together in any 
one site, it remains uncertain whether the Hoy and Lairg B cryptotephras derive from the 
same or separate eruptions. A younger Torfajökull cryptotephra (SLU10-104: this paper) is, 
however, recorded above Lairg B at Sluggan Bog, Ireland, but with an interpolated age 
estimate of ~3800 BCE, it is too young to be correlated with the Hoy deposit. 
 
3.1.5.  Askja 
Cryptotephra from the caldera-forming eruption of Askja in 1875 has been widely reported 
in Europe, with a northerly distribution extending to the east Baltic area. Ashfall following 
this event was historically documented in Scandinavia (Thorarinsson, 1981). An earlier 
proximal deposit, the A~2000, has recently been correlated on the basis of its glass 
geochemistry with the Glen Garry cryptotephra (Gudmundsdóttir et al., 2016) found at a 
large number of sites in Britain, as well as in Germany (Supplementary File 2), and dated to 
260–16 BCE (Barber et al., 2008). The Stömyren tephra identified in Sweden has a glass-
derived geochemical composition and age estimate similar, but not identical to, the Glen 
Garry tephra, and has been considered to represent a separate Askja event (Wastegård, 
2005). Hartley et al. (2016) have identified further eruptives from Askja dating to 1510 CE 
and 1341 CE in Iceland. Neither of these events is represented by cryptotephra in Europe, 
but shards with Askja composition (BTD-48) are found mixed with Settlement cryptotephra 
at Borge, Norway (Pilcher et al., 2005), possibly signifying another unreported eruption. 
 
3.1.6.  Öraefajökull 
The Öraefajökull 1362 CE tephra was one of the first cryptotephras to be identified in 
Europe (Pilcher et al., 1996). Its constituent glass has a distinct geochemistry, easily 
separable from those of other Icelandic sources. The cryptotephra has a rather restricted 
distribution, found only in the north of Ireland and in Norway, but it has also been firmly 
identified in the central Greenland GRIP ice core (Coulter et al., 2012) and possibly also 
GISP2 (Palais et al., 1991). Cryptotephra from a smaller eruption in 1727 has not yet been 
reported. 
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3.1.7.  Eyjafjallajökull 
Ash from the 2010 eruption of Eyjafjallajökull extended over a large part of continental 
Europe, with particles detected as far south as Iberia and Italy, and as far west as Budapest 
(e.g. Stevenson et al., 2012). Its glass-based geochemistry has been characterised at Praha-
Suchdol, Czech Republic (Navrátil et al., 2013), although the proximal and distal datasets 
demonstrate considerable scatter. At least four previous eruptions are known to have 
occurred at Eyjafjallajökull. The recent characterisation of the Ey H layer (~420-620 CE) by 
Dugmore et al. (2013) has now enabled QUB-565 from Borge, Norway (Pilcher et al., 2005), 
to be correlated with this event, and has helped refine the Borge chronology.  
 
 
Fig. 5. Glass-shard major element compositions of cryptotephra of Eyjafjallajökull 2010 
(distal) and QUB-565 compared with glass analyses of proximal Eyjafjallajökull 2010, 1821 
and Ey H tephra. Extensive scatter in the 2010 datasets may be due to instrumental 
imprecision and/or unwitting analyses of mineral inclusions (microlites). 
 
3.1.8.  Vatnajökull region 
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The Vatnajökull ice cap covers a number of volcanic systems, including Grimsvötn, 
Veidivötn-Bárdarbunga (hereafter referred to as Veidivötn) and Kverkfjöll. All three systems 
are associated with predominantly basaltic tephras, a small number of which have been 
identified as cryptotephra. Material from Grimsvötn 1903 and 1783 (Laki) eruptions was 
found in the Lomonosovfonna ice core, Svalbard (Wastegård and Davies, 2009), the latter 
also being identified in western Ireland (BRACSH-1: Reilly and Mitchell, 2015). A Grimsvötn 
cryptotephra of historical age was identified at Claraghmore Lake, Ireland (CLA-L1), and an 
individual shard was found amongst Öraefajökull 1362 tephra in the adjacent bog (CLA-B1: 
Watson et al., 2016), in the light of which a possible correlation with 1354 Grimsvötn 
eruption may be posited. Two shards of Grimsvötn-type tephra were identified in Tiefer See 
Lake, Germany, dating to ~870 CE (Wulf et al., 2016). An older event (~4000 BCE) is 
represented by the Hov tephra recorded in the Faroes (Wastegård 2002). 
 
The basaltic components of the Settlement (~870s CE) and Veidivötn 1477 tephras are both 
recorded as cryptotephras. The former reached the Faroes (Wastegård et al., 2001) and 
northern Britain (Cage et al., 2011), as well as Greenland (Grönvold et al., 1995; Zielinski et 
al., 1997). The cryptotephra records imply that the two components of the Settlement 
tephra did not disperse over the same areas in Europe. Veidivötn 1477 had a potentially 
wider distribution in Europe that extends from Sweden (Davies et al., 2007) to western 
Ireland (Chambers et al., 2004). Glass shards with a Veidivötn-like composition were also 
identified at Svartkälsjärn Lake, Sweden (SV-L2: Watson et al., 2016). As the shards were 
mixed with those of the Hekla 1104 and 1158 CE eruptions, it is possible that they derive 
from the 1159 CE Veidivötn eruption.  
 
An unidentified source beneath the Vatnajökull ice cap is thought to have recurrently 
produced a rhyolitic tephra represented locally by SAU-65 (Larsen and Eiríksson, 2008) and 
tephra horizons at Bláskógar and Eyjafjarðardalur, Iceland (Wastegård et al., 2003). 
Numerous cryptotephras sharing the same glass composition have been identified in the 
Late Glacial and Early Holocene (Lind et al., 2016), and are known as the “Borrobol-type 
tephras” after their initial findspot in Scotland (Pyne-O’Donnell, 2007). SAU-65 correlates 
with the Microlite tephra (~700 BCE) identified in Ireland, Britain and Germany (see 
Supplementary File 2). The AD860A tephra (Pilcher et al., 1996) also shares this rhyolitic 
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glass geochemistry, and was erupted ~850s CE, approximately around the same time 
Veidivötn and Grimsvötn were active. We identify three further occurrences of this glass 
composition, mainly found as secondary populations amongst other cryptotephras (Table 1; 
Fig. 6). Borge-15 occurs with BTD-15 at Borge, Norway (Pilcher et al., 2005), and can 
similarly be dated to around 1650–1750 CE. GB4-198b is found alongside a Katla silicic 
cryptotephra (GB4-198a: ~SILK-N4?) at Garry Bog, Ireland, and has an interpolated age of 
~1900 BCE. GB4-250b is recorded at a number of sites in Ireland and Norway, mixed in each 
instance with Hekla tephra (GB4-240a) and stratified below the Hekla 4 unit. Based on its 
age estimate, a possible correlative may also be present at Whitehorse Hill (WHH-11 47-
50cm: Fyfe et al., 2016). The Mid- to Late Holocene populations appear to have a more 
extended geochemical range than their Late Glacial and Early Holocene counterparts, but 
the partial analyses of mineral inclusions within the glass shards have also introduced 
considerable scatter into the geochemical results (Fig. 6). 
 
 
Fig. 6. Glass-shard major element compositions of cryptotephras attributed to an unknown 
source beneath Vatnajökull ice cap in Iceland (all data this paper unless otherwise stated). 
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The compositional envelopes for the Late Glacial and Early Holocene Borrobol-like tephras 
(Borrobol, Penifiler, Fosen, Ssn) are based on data from Turney et al. (1997), Boygle (1999), 
Pyne-O’Donnell (2007), Pyne-O’Donnell et al. (2008), Gudmundsdóttir et al. (2011) and Lind 
et al. (2013). The Mid- to Late Holocene populations are typified by the Microlite tephra, the 
compositional envelopes for which are based on data from Hall and Pilcher (2002), van den 
Bogaard and Schmincke (2002) and Plunkett et al. (2004).  
 
3.2  Alaska 
3.2.1.  Churchill 
The AD860B tephra was amongst the first cryptotephras identified in Europe (Pilcher et al., 
1996) and has recently been correlated on the basis of its glass composition with the White 
River Ash eastern lobe (WRAe) attributed to Mount Churchill in eastern Alaska (Jensen et al., 
2014). Its distribution extends to northern Scandinavia and Poland (Pilcher et al., 2005; 
Watson et al., 2017a). Although only one other eruption of Churchill (~100 CE) has been 
formally recognised (Siebert et al., 2010), the European distal record shows the presence of 
geochemically identical glass populations dating to ~1600 CE (SLU-5), ~1100 CE (SLU-31) and 
~2350 BCE (the Hall tephra; Table 2; Fig. 2; Supplementary File 2). Multiple Churchill-type 
tephras have also been reported from North America (Davies et al., 2016), including the 
Lena tephra (Payne et al., 2008) whose age estimate is similar to that of SLU-5. A slightly 
younger tephra bed above the proximal WRAe lobe in Canada (Preece et al., 2014) may be a 
correlative for SLU-31, identified at two peatlands in Ireland. Shards of the oldest of the 
European Churchill-type tephras, the Hall Tephra, are found mixed with those of Hekla 4 at 
two sites in the north of Ireland.  
 
We include in our list of AD860B occurrences the unidentified tephra associated with a 
Snaefellsjökull eruption at Kongressvatnet, Svalbard (D’Andrea et al., 2012). Although it is 
conceivable that the Kongressvatnet tephra represents the older White River Ash northern 
lobe (WRAn) erupted in approximately the same time interval as the Sn-1 ash, a younger 
date for the couplet (cf. Borge tephrostratigraphy, Supplementary File 3) allows for an age-
model for Kongressvatnet that shows a relatively constant peat accumulation at the site 
before and after the Öraefajökull 1362 horizon at this site.  
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Table 2: Cryptotephras of non-Icelandic origin in northwest Europe 
Volcanic region Source Tephra (age) 
Alaska Churchill SLU-5 [Lena tephra?] (~1600-1700 CE), SLU-31 (~1104 
CE), AD860B [WRAe] (853±1 CE), Hall Tephra (~2350 BCE) 
 Augustine? GB4-147 (~700 BCE) 
 Aniakchak GB4-182b [CFE II] (~1640 BCE) 
Cascades Rainier? SV-L5 (~4000-3000 BCE) 
 Mount St Helens? SLG-5 [MSH-W?] (~1480 CE), LLG-274 [MSH-Y?] (~1800 
BCE) 
 Crater Lake MOR-T12 [Mazama] (~5350 BCE) 
Mexico Ceboruco MOR-T4 [Jala Pumice?] (~1000 CE) 
 El Chichón? DOM-3 (~650 CE), DOM-4 Group 1 (~400 CE) 
Kamchatka Ksudach KS2 (~5250 BCE) 
 Shiveluch SLU14-60 [SHdv?] (~3100 BCE) 
Azores Furnas PMG-5 [Furnas 1630 ?] (~1600-1700 CE), MOR-T2 [Furnas 
1441?] (~1400 CE), MOR-T7 (~280 CE), MOR-T8 (~150 
CE), MOR-T9 (~35 CE), DCSH-2 (~400 BCE) 
Mediterranean Lipari? GB4-45a [Monte Pilato?] (~1300 CE) 
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Fig. 7. Glass-shard major element compositions of cryptotephras of possible Alaskan origin 
(all data from this paper unless otherwise stated). Compositional envelopes for White River 
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Ash (WRA) are based on data from Preece et al. (2014), and for Aniakchak on Kaufman et al. 
(2012).  
 
3.2.2.  Augustine? 
A small peak of glass shard concentrations in a cryptotephra in Garry Bog, Ireland, yielded 
geochemical analyses from a single shard (QUB-490: Plunkett, 1999). The sample has since 
been re-analysed and the geochemical composition has been replicated from three further 
shards, supporting its characterisation as a distinct tephra unit (GB4-147; Fig. 7; 
Supplementary Table 1). The results are comparable to glass analyses of NDN-230 identified 
in Nordan’s Pond, Newfoundland, where it was tentatively correlated with Augustine Unit G 
(Pyne-O’Donnell et al., 2012). The GB4-147 glass geochemistry also bears a close 
resemblance to that of Augustine’s younger (~1450 CE) Unit B (Siebert et al., 1995) and to 
matrix glass data from several prehistoric Augustine eruptions (Tappen et al., 2009). The 
interpolated date for GB4-147 is ~700 BCE, several centuries earlier than NDN-230 but 
consistent with the modelled age of RC108 (“Ruppert Tephra”) reported from Ruppert Lake, 
Alaska (Monteath et al., 2017) to which it is also similar. Although the attribution of NDN-
230 to Augustine G has been questioned (Mackay et al., 2016), there are too few published 
data available to refute the correlation with this system entirely. On the basis of the similar 
glass major element geochemistries, we argue that Augustine remains a potential source for 
these tephras, but trace element analysis of their glass is required to resolve the correlation. 
 
3.2.3.  Aniakchak 
A notable peak of colourless cryptotephra in Garry Bog, Ireland (GB4-182), was 
geochemically analysed at different times between April 1993 and May 1997. Each of three 
samples (QUB-124, -128 and -182) yielded three populations of rhyolitic glass, only one of 
which – whose source has not yet been identified – has been previously published (Hall and 
Pilcher, 2002). A second population (GB4-182b) has a geochemical composition that 
resembles the rhyolitic end member of Aniakchak eruptions (Fig. 7; Kaufman et al., 2012). 
The third suite (GB4-182c) evidently derives from Hekla. The previous age estimate of this 
unit at Garry Bog was ~1350 BCE (Hall and Pilcher, 2002), based on linear interpolation 
between the GB4-150 (~800 BCE) and Hekla 4 (~2310 BCE) deposits, but a change in peat 
stratigraphy between the Hekla 4 and GB4-182 levels likely signals a shift in the peat 
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accumulation rate at the site (Plunkett, 1999). We propose, therefore, that GB4-182b 
derives from the Aniakchak Caldera Forming Eruption (CFE II) at ~1640 BCE (Bacon et al., 
2014), as this tephra has been reported from Nordan’s Pond, Newfoundland (Pyne-
O’Donnell et al., 2012), and the NGRIP ice core, Greenland (Coulter et al., 2012), 
demonstrating its extent as far as the North Atlantic region. 
 
3.3. Cascades 
3.3.1. Rainier? 
Watson et al. (2016) identified a cryptotephra (SV-L5) comprising glass shards of unknown 
source in Svartkälsjärn, Sweden, mixed with two shards of Hekla origin (possibly Hekla 
5/Lairg A) and with an estimated age of ~4500-4000 BCE. The unidentified shards include 
some datapoints whose geochemistries suggest the presence of mineral inclusions in the 
analyses, but a core group of medium-Ca (CaO ~2.5 wt. %) composition lies with the 
geochemical field of proximal glass from Rainier (Sisson and Vallance, 2009; Samolczyk et 
al., 2016; Fig. 8). Rainier is known to have erupted frequently during the Holocene, often 
generating highly destructive lahars, the most notable of which was the Osceola Mudflow 
~3650 BCE (Vallance and Scott, 1997). Its eruptions have generally been attributed VEIs of 2 
or 3 (Siebert et al., 2010), but their magnitudes may have been underestimated as local 
tephra preservation will have been adversely affected by concurrent and subsequent 
mudflows.  
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Fig. 8: Glass shard compositions of cryptotephras of possible Cascades origin: MOR-T12 
(Chambers et al., 2004); SV-L5 (Watson et al., 2016; QUB-461, -159 Group 3 and -487 (this 
paper). Compositional envelopes are based on published data (excluding outliers): Rainier 
(>65 wt. % SiO2 only; Sisson and Vallance, 2009; Samolczyk et al., 2016); Mazama (Pyne-
O’Donnell et al., 2012; Egan, 2016); Mount St Helens MSH-W (Pyne-O’Donnell et al., 2012; 
Mackay et al., 2016). Mean values for glass of Mount St Helens Set Y (Ye, Yn, Yb: Westgate, 
1977) are also shown.  
 
3.3.2.  Mount St Helens? 
A minor tephra deposit with an extrapolated age of ~1800 BCE in Lough Lurgeen, Ireland 
(LLG-274), comprised small, silicic shards (Plunkett, 1999). Microprobe analyses were 
possible on only three shards but their major element composition is consistent and shows 
an affinity with material from Mount St Helens (Fig. 8). In view of its age estimate, a possible 
correlation with MSH Set Y is proposed, specifically with unit Yn, the most voluminous 
Holocene eruption at this source, or the slightly younger unit Ye, whose ash was dispersed 
eastwards (Carey et al., 1995). Tephrostratigraphies in other bogs in the west of Ireland 
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suggest that this unit may be regionally represented (Plunkett, 1999). Further investigations 
are warranted to enable a firmer characterisation of this cryptotephra.  
 
A tentative representation (SLG-5) of Mount St Helens tephra in Ireland is also suggested by 
sparse shards mixed with Hekla 1510 populations at Sluggan Bog (QUB-486 outlier) and 
Owenbeg (QUB-159 Group 1; Fig. 8). Its age (~1500 CE) implies that it may correlate with 
Mount St Helens Set Wn (~1479 CE) or Set We (~1482 CE) (Yamaguchi, 1983; 1985). 
Cryptotephra attributed to Set We has been identified in eastern Canada (Pyne-O’Donnell et 
al., 2012; Mackay et al., 2016), and its presence along the northeastern Atlantic seaboard is 
not therefore unexpected. Attempts to obtain additional analyses from the Irish samples or 
to isolate this cryptotephra at other sites have been hampered by the dominance of 
Icelandic cryptotephras in Irish sedimentary sequences around this time. 
 
3.3.3.  Crater Lake 
Chambers et al. (2004) reported two cryptotephras whose glass geochemistry resembled 
that of Hekla 5/Lairg A, but the lower of the two, MOR-T12, has an interpolated age 
estimate of ~5300 cal yr BCE, and is thus older than Lairg A. We find that the normalised 
geochemical data for the MOR-T12 glass are distinct from those of Hekla tephra, having 
clearly higher TiO2 and MgO abundances. Instead we identify a striking affinity with glass 
analyses of the Mazama tephra, dated to ~5700 BCE (Fig. 8; Egan et al., 2015). Mazama 
tephra has been identified at Nordan’s Pond, Newfoundland (Pyne-O’Donnell et al., 2014), 
and a similar glass has been reported from the GISP2 ice core, Greenland (Zdanowicz et al., 
1999). Given the large magnitude of this eruption, it is not surprising that its tephra reached 
Europe but its representation remains restricted for the time being to An Loch Mór, western 
Ireland. 
 
3.4.  Mexico 
3.4.1.  Ceboruco 
A small number of analyses of shards in a mixed deposit at Faddanmore, Ireland (FAD-30), 
show geochemical correspondence with glasses of the rhyolitic end member of the Jala 
Pumice tephra from Ceboruco, Mexico (Gardner and Tait, 2000; Fig. 9) that has been dated 
to ~990-1020 CE (Sieron and Siebe, 2008). Cryptotephra attributed to this eruption has 
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recently been identified in northeast America (Mackay et al., 2016), suggesting its 
widespread distribution. Other shards in the Faddanmore unit correspond to the 
geochemically-distinct MOR-T4 tephra, whose source until now was suspected to be Iceland 
(Chambers et al., 2004), which has been found at several sites in Ireland and Wales (see 
Supplementary File 2). This population is similar to the dacitic end-member (with a 
trachydacitic glass composition) of the Jala Pumice (Gardner and Tait, 2000), although few 
glass-based major element data are available for comparison. The immediate association of 
the two populations in the Faddanmore unit prompts us to correlate the MOR-T4 tephra 
with the Jala Pumice (Gardner and Tait, 2000; Chertkoff and Gardner, 2004). 
 
 
Fig. 9. Glass compositional analyses of cryptotephra attributable the Jala Pumice, Ceboruco, 
and possibly El Chichón. Compositional envelopes for Jala Pumice are based on proximal 
data from Mackay et al. (2016). Also shown is the unidentified Borge-118 tephra whose glass 
major element geochemistry shares a similar composition to that of the Jala Pumice.  
 
 
3.4.2.  El Chichón? 
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Tentative correlations with eruptives from El Chichón are two tephras first identified in 
Germany (van den Bogaard and Schmincke, 2002) where they were dubbed DOM-3 (~650 
CE) and DOM-4 (~400 CE). Both deposits were poorly characterised by only a small number 
of constituent glass analyses and DOM-4 also includes shards attributable to Hekla. The 
distinctively low CaO and FeOtotal rhyolitic glass-shard populations seen in both units (Fig. 9) 
have since been identified in Poland (Wulf et al., 2016) and perhaps in Norway (Vorren et 
al., 2007). The glass major element composition bears some resemblance to that of the 
recurrent Borrobol-type material from the Vatnajökull centre but the glasses are clearly 
distinguishable by the FeOtotal to K2O ratios. Similar glass has been reported from eruptives 
of El Chichón, Mexico (Nooren et al., 2009), and Opala, Kamchatka (Kyle et al., 2011; 
Plunkett et al., 2015). The Cl content (≥ 0.1 wt. %) of the cryptotephras favours El Chichón as 
the more likely source. Furthermore, only one eruption of Opala is known to have occurred 
in this timeframe (Braitseva et al., 1997; Kyle et al., 2011) whereas El Chichón was more 
frequently active, with Units F and E erupted at ~335 ± 85 CE and ~567 ± 37 CE, respectively 
(Nooren et al., 2009). Trace element analyses of the glasses of the cryptotephras are 
required to confirm their correlation. 
 
3.5.  Kamchatka 
3.5.1.  Ksudach 
The recognition of Ksudach KS2 (5350-5210 BCE, Plunkett et al. 2015) ash in Svalbard (van 
der Bilt et al., 2017) marks the first formal identification of a tephra from the most active 
volcanic region in the Northern Hemisphere. Its younger (~200 CE) and more voluminous 
counterpart, KS1, is known to have reached Nova Scotia (Mackay et al., 2016) but has not 
yet been identified in Europe. Both tephras were produced by caldera-forming eruptions 
that were, in volumetric terms, amongst the largest Kamchatkan eruptions during the 
Holocene. 
 
3.5.2.  Shiveluch 
Tephra with vesicular glass (SLU14-60) from Sluggan Bog, Ireland, dating to ~3000 BCE 
(Supplementary File 3) shows a strong geochemical affinity with glass of Shiveluch proximal 
material, most closely matching the rhyolitic end-member of SHdv (SH unit 34) of a similar 
age (Ponomareva et al., 2015; Fig. 10). Shiveluch is one of Kamchatka’s most active 
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volcanoes and has produced many large magnitude eruptions during the Holocene. Its 
volcanic history has been well-constrained through detailed proximal records (Ponomareva 
et al., 2015), but many of its tephra beds share similar major element glass compositions 
which complicates the correlation of distal ash deposits to discrete events. To the best of 
our knowledge, this is the first extra-regional report of a Shiveluch tephra.  
 
 
Fig. 10. Glass major element analyses of cryptotephras attributable to Shiveluch, Kamchatka, 
and possibly Lipari, Italy. Compositional envelopes for the SHdv (SH unit 34) glass are based 
on data from Bourgeois et al. (2006), Kyle et al. (2011), Ponomareva et al. (2015; 2017) and 
for Lipari on Bescoby et al. (2008) and Albert et al. (2012). Secondary glass standard 
measurements on Lipari reference material, measured with QUB-132, are also shown, as 
well as its mean recommended value (normalised; Kuehn et al., 2011). 
 
3.6.  Azores 
3.6.1.  Furnas 
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Recent investigations of proximal tephras on the Azores have enabled the characterisation 
of glass from the main volcanic centres in these islands (Johansson et al., 2017). Constituent 
glass compositions are trachybasaltic to trachytic, and differentiable to individual sources 
but perhaps not to specific eruptions. The Furnas 1630 tephra shows a strong affinity with a 
number of cryptotephra deposits identified in Ireland on the basis of glass major element 
compositions. The PMG-5 tephra identified in central and southwestern Ireland (Hall and 
Pilcher, 2002) has an interpolated date of ~1600 CE, possibly concurrent therefore with the 
Furnas 1630 eruption. A geochemically identical unit (MOR-T2) was subsequently identified 
in a stratified position below the Veidivötn 1477 cryptotephra at An Loch Mór, western 
Ireland, where it has an interpolated age of ~1400 CE (Chambers et al., 2004), closely 
matching an early historic eruption of ~1441 CE. Further cryptotephras sharing the same 
glass-based geochemical composition were also identified and dated by interpolation to 
~280 CE (MOR-T7), ~150 CE (MOR-T8) and ~35 CE (MOR-T9) at An Loch Mór (Chambers et 
al., 2004), and to ~415 BCE at Derrycunihy Wood (Reilly and Mitchell, 2015), at least three of 
which have counterparts in proximal deposits at Furnas. The cryptotephras are mainly 
concentrated in western Ireland but an individual shard at Cors Fuchno, Wales (Watson et 
al., 2017a), possibly corresponds with the MOR-T2 tephra. Their distribution suggests that 
they may be present in more southerly regions of Atlantic Europe. 
 
3.7.  Mediterranean 
3.7.1.  Lipari? 
Shards with a geochemical composition similar to that of the Lipari Monte Pilato tephra 
have been identified in Garry Bog, Ireland (GB4-45a; Fig. 10). Alkali values are, however, 
discrepant, with elevated K2O and lower Na2O abundances that, along with the lower 
analytical totals (mean = 95.76 wt %) relative to the Lipari secondary glass standard (mean 
99.49 wt %) that was analysed simultaneously, might reflect alteration of the glass. 
Constrained between the Öraefajökull 1362 and Hekla 1158 tephras at this site, GB4-45a 
has an interpolated age of ~1300 CE. A comparable tephra (QUB-1360) was noted in 
Greenland ice where it is dated to ~1254 CE, although only one shard was analysable 
(Coulter et al., 2012). Nevertheless, the dates for these two tephras are consistent with the 
mid-13th century Lipari eruption which has only recently been recognised as a distinct unit 
through archaeomagnetic dating (Arrighi et al., 2006). The event is not recorded historically. 
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Further attempts to locate this cryptotephra in Irish bogs is ongoing, but isolating it is 
complicated by the many eruptions contributing ash to Europe around this time. 
 
 
3.8.  Unknown 
Three tephra deposits remain whose sources cannot be identified. GB4-182a, identified at 
Garry Bog, Ireland, bears some compositional resemblance to the glass of Aniakchak tephra 
with which it is mixed, but has a notably lower K2O content. Borge-118, from Borge, Norway 
(Pilcher et al., 2005), comprises two glass analyses within a mixed population of glass 
containing shards of Hekla and Vatnajökull tephras dating to ~2650 BCE. Its composition 
bears a slight resemblance to glass of the Jala Pumice tephra of Ceboruco (Fig. 9). Borge-
133, also from Borge (Pilcher et al., 2005) and with an interpolated age of ~3100 BCE, is a 
rhyolitic glass with a Ti2O to CaO ratio that distinguishes it from all other glass analyses in 
our database.  
 
 
4.0. Discussion 
The rapidly growing number of cryptotephra records from northwest Europe has shed 
considerable light on the frequency of volcanic ash clouds over the region during the Mid- to 
Late Holocene (Swindles et al., 2011; Watson et al., 2017b). The total number of events 
(n=90) we identify here is comparable to that reported by Watson et al. (2017b; n=84) for a 
similar time span, but we have consolidated the record through the recognition of bi- and 
multi-modal populations, and the cross-correlation of cryptotephras between sites using 
both major element analyses of glass shards and age and stratigraphic (superpositioning) 
considerations. Furthermore, we have added 20 cryptotephras to the catalogue, including 
16 that have not previously been reported. Notably, only three cryptotephras in our record 
remain unprovenanced, although further work is required to confirm the suggested 
attributions of some of the others, notably those of potential Cascades, El Chichón and 
Lipari origin, as well as a number of possible Katla populations. Our review of the data 
reveals a considerably wider source area for tephras reaching Europe than has previously 
been acknowledged (Figs 1, 11). We attribute the success of our re-evaluation to the 
growing number of published point datasets on glass-based major element compositions 
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and to fruitful collaborations between tephrochronologists working in different regions that 
has facilitated greater knowledge exchange. A paucity of published glass compositional data 
for many volcanic regions, and a bias towards the study of more voluminous volcanic 
events, remains an impediment to the successful linkage of cryptotephras to source. 
 
Not surprisingly, Iceland is the main source of cryptotephra in northwest Europe, but almost 
a quarter of the events we record are derived from other volcanic regions, ranging from 
southern Europe, Mexico to Kamchatka. Further research is necessary to confirm whether 
or not GB4-45a is indeed from Lipari, Italy, and to establish better its relationship to the 
QUB-1360 tephra in NGRIP (Coulter et al., 2012). Tephra from Furnas, Azores, appears to 
have reached Ireland rather frequently; such a distribution clearly opens up the possibility of 
finding cryptotephras in French and Iberian sedimentary records. We recognise for the first 
time the presence of Mexican tephra in Europe, from the large magnitude eruption of 
Ceboruco and possibly from two eruptions of El Chichón. Like those from Furnas, the 
Ceboruco tephra’s distribution is concentrated in western Ireland. Possible El Chichón 
tephra, on the other hand, appears to have travelled farther inland and north to Germany 
and possibly Scandinavia. Tephra dispersal from these eruptions may have been aided by 
the dominant westerlies coming in from the Atlantic, and it is perhaps surprising that 
tephras from other large eruptions in Mexico and the Lesser Antilles are not more 
frequently detected in Europe. Ash from some north Pacific volcanic centres evidently has a 
greater reach, with Churchill tephra, namely the AD860B deposit, extending to at least 
Poland (Watson et al., 2017a) and Ksudach tephra to Svalbard (van der Bilt et al., 2017). 
Other sources, including the Cascades and the Aleutian Arc, are currently represented only 
in a small number of records, but have perhaps passed unreported due to difficulties in 
analysing the associated glass, for reasons such as low shard concentrations, small shard 
size or the presence of mineral inclusions. The wide-ranging source areas of ash revealed in 
the northwest European cryptotephra records highlight that the risks posed to North 
Atlantic and European flightpaths by ash clouds are not confined to those emanating from 
Icelandic eruptions. The diversity of sources may also explain why Ireland records a higher 
than expected number of ashfall events than would be expected from Iceland alone (Lawson 
et al., 2012), its position and climate rendering it favourable for capturing transatlantic 
tephra. 
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Fig. 11. Locations of northwest European sites containing cryptotephras from, or possibly 
from, a) Iceland; b) Alaska; c) Cascades; d) Mexico; e) Kamchatka; f) Azores; g) 
Mediterranean; and h) unknown sources. 
 
In addition to the sourcing of non-Icelandic cryptephras, we identify a greater occurrence of 
ash from Icelandic volcanoes than previously recognised, in particular from Hekla and Katla. 
All of Hekla’s very large magnitude eruptions (VEI 5) and most of its large (VEI 4) events find 
representation in the distal cryptotephra records in Europe, especially in Scandinavia and 
Ireland, but as many as eight cryptotephras seem to derive from eruptions that are 
unknown, or whose magnitudes have not been determined (Siebert et al., 2010), or both. 
Interestingly, we record a greater frequency of Hekla rhyolitic glass than reported from 
Iceland (Larsen and Thorarinsson, 1977), notably in the later first millennium CE, and before 
and after the Hekla 4 event. Similarly, we reveal as many as 12 silicic Katla events, five of 
which may correspond with the SILK tephras reported in Iceland (Larsen et al., 2001) but 
seven of which are additions to the record. These additions include the GA4-85 that is 
widespread in Ireland and the BTD-15 tephra so far identified in Norway and Britain, both 
more recent than the youngest SILK tephra. Furthermore, we identify glass major element 
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compositions that lie between those identified locally, which may inform the understanding 
of magma evolution prior to eruptions (Óladóttir et al., 2008). While we recognise for the 
first time cryptotephra from the mid-first millennium CE Eyjafjallajökull eruption in Norway, 
this source does not appear to have been a frequent producer of widespread ash prior to its 
2010 eruption. We extend the volcanic history of Snaefellsjökull to include two events more 
recent than its ~150 CE (Sn-1) eruption, namely at ~1300 CE and ~950 CE. The dating of 
these tephras is facilitated in the distal record by their stratigraphic relationships to other 
well-dated tephras. The Sn-1 tephra, on the other hand, has not yet certainly been observed 
in northwest Europe, contrary to some suggested correlations (D’Andrea et al., 2012; 
Watson et al., 2016). The cryptotephra record also increases the number of reported 
eruptions from Askja, Torfajökull and an unknown source beneath the Vatnajökull ice cap, 
and clearly highlights the partial nature of proximal tephrostratigraphies as records of past 
volcanism. Basaltic tephras from Iceland continue to be underrepresented in the distal 
records, but a small number of cryptotephras from Grímsvötn and Veidivötn are now 
known. 
 
The Icelandic cryptotephra record draws attention to some potential limitations and pitfalls 
in the application of tephrochronology in northwest Europe. Several units comprises glasses 
whose major element geochemistries are indistinguishable, restricting their use as unique 
isochrons in the absence of other compositional (e.g. trace element) or dating information. 
The “Borrobol-type” cryptotephra (Lind et al., 2016) from a source beneath the Vatnajökull 
ice cap, for example, can be found repeatedly throughout the Holocene, but cannot be 
differentiated to specific events and has therefore limited value as an isochron without 
additional chronological control. Its AD860A manifestation, however, can help to distinguish 
the AD860B cryptotephra from other Churchill tephras, if the two are found together as 
they sometimes are in Ireland. We urge caution too in the interpretation of Hekla, Katla and 
other Icelandic tephras whose glass compositions may be less unique or infrequent than 
previously thought.  
 
Watson et al. (2017b) found that eruptions with a VEI ≥4 were the main sources of ash 
clouds over Europe. With the exception of the events that have not been assigned a VEI 
rating, the majority of tephras that we identify indeed appear to have been from eruptions 
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of such magnitude. A VEI rating is, however, determined using parameters such as cloud 
height, explosivity and volume of products, and there remains a great deal of uncertainty in 
the assignations (Siebert et al., 2010). In light of our findings, the eruption magnitude of the 
seemingly smaller or unassigned events may warrant re-evaluation. Nevertheless, it is 
possible (even likely) that moderate Icelandic eruptions dispersed tephra towards Europe. 
Stevenson et al. (2013) indicated that ash reaching the UK from the 2011 Grímsvötn 
eruption derived from the lower portion (up to 4 km above sea level) of the plume, from a 
height attainable by VEI 2 and 3 eruptions. In contrast, it seems that only large (VEI ≥5) 
events from more distant sources, with the exception perhaps of the Azores and a possible 
Rainier eruption, had the energy and/or tephra volume to generate far-travelled ash clouds. 
Clearly, as only a small number of VEI ≥5 eruptions are represented in the northwest 
European cryptotephra record, meteorological conditions remain a leading factor in 
determining whether or not tephra reached the region. Notable absences in the 
cryptotephra catalogue are Vesuvius 79 CE, Santorini ~1600 BCE, Katmai (Novarupta) 1912 
CE, Okmok ~100 BCE and Changbaishan (Millennium Eruption) 946 CE, all VEI ≥6 eruptions 
within what we here regard as the potential tephra catchment of northwest Europe. Ash 
from Katmai 1912 and the Millennium Eruption has, however, been recorded in Greenland 
ice cores (Coulter et al., 2012; Sun et al., 2014) and may yet be identified in north European 
sediments. 
 
5.0  Conclusions 
We present 90 Mid- to Late Holocene cryptotephras so far identified in northwest Europe 
and demonstrate that they derive from at least six volcanic regions in the northern 
hemisphere: Iceland, Azores, Mexico, Cascades, Alaska, Kamchatka and possibly also the 
Mediterranean. In light of the identification of Chinese and Japanese cryptotephra in 
eastern North America and in Greenland (Sun et al., 2014; Mackay et al., 2016), we propose 
that the potential source region for northwest Europe extends to all major volcanic 
provenances in the northern mid- to high latitudes, as well as tropical North America, that 
are capable of explosive volcanism. While ash from Icelandic eruptions of moderate 
magnitude may extend over Europe, ultra-distal transport of tephra seems mainly limited to 
very large eruptions (VEI ≥5), and then only subject to suitable meteorological conditions. 
The recognition of non-Icelandic cryptotephras in Europe highlights the potential to isolate 
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them over very large regions, including areas in which cryptotephra studies have not 
previously been trialled. Notwithstanding the relative infrequency of these events, the ultra-
distal cryptotephras will greatly facilitate the correlation and comparison of 
palaeoenvironmental records at intra- and intercontinental spatial scales. 
 
The cryptotephra record in Europe also contributes to the understanding of volcanic history 
of several Icelandic sources, revealing as it does a greater frequency of explosive eruptions 
than has been reported. In particular, silicic tephras from Hekla and Katla are recurrent 
features of the distal record. While it is possible that an eruption could expel ash from a 
previous event from its conduit, or that strong winds resuspended and transported tephra 
from terrestrial deposits (e.g. Liu et al., 2014), such phenomena are unlikely to explain all of 
the unexpected silicic cryptotephra deposits that are found in northwest Europe, 
particularly when they are replicated at two or more sites and are represented by robust 
glass-shard analytical datasets. Similarly, repeated cryptotephras with Mount Churchill-type 
glass-shard major element compositions are recorded in Europe, supporting a growing body 
of evidence (e.g. Davies et al., 2016) that this system was more active in the Late Holocene 
than its proximal record indicates. The cryptotephras therefore provide a valuable 
complement to research on proximal volcanic deposits, recording past eruptions and end-
members that for a variety of taphonomic reasons may not have been preserved locally. 
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